Introduction {#section1-0394632017736673}
============

Natural killer (NK) cells are members of the innate immune system which are known to mediate major histocompatibility complex (MHC) unrestricted cytotoxicity against virally infected and neoplastic cells.^[@bibr1-0394632017736673]^ Besides their ability to kill target cells directly, NK cells are also known to be potent immune modulators with the ability to produce abundant cytokines capable of modulating immune responses.^[@bibr2-0394632017736673]^ The NK92-MI cell line displays functional characteristics of activated NK cells, so it is a useful model for the study of NK-cell biology.^[@bibr3-0394632017736673]^

Sea buckthorn (SBT; *Hippophae rhamnoides* L.) is a thorny nitrogen fixing deciduous shrub, native to both Europe and Asia. Berries of SBT have been used in Tibetan, Mongolian, and Chinese traditional medicines for the treatment of different diseases for more than 1000 years.^[@bibr4-0394632017736673]^ In recent studies, we found that SBT oil obtained from the SBT berries could protect against chronic stress-induced inhibitory function of NK cells in rats,^[@bibr5-0394632017736673]^ and the mechanisms need further researches.

Flavonoids belong to a group of low-molecular-weight phenylbenzopyrones which have various pharmacological properties including antioxidant activity, anticancer, and immunomodulatory effects.^[@bibr6-0394632017736673],[@bibr7-0394632017736673]^ SBT fruit is a rich source of flavonoids (0.6% in dry fruits).^[@bibr8-0394632017736673]^ The total flavonoids of *Hippophae rhamnoides* L. (TFH) are the main active components isolated from berries of SBT.^[@bibr8-0394632017736673]^

In this study, we investigated the effects of TFH on the cytotoxicity of NK92-MI cells and its molecular mechanisms.

Materials and methods {#section2-0394632017736673}
=====================

TFH {#section3-0394632017736673}
---

The crude extract of TFH was provided by Liaoning Dongning Pharmaceutical Co., Ltd (Fuxin, China). The content of the TFH in the crude extract was determined to be 82.5%. The main chemical components of TFH were identified by ultraviolet spectrum, nuclear magnetic resonance, and mass spectra. It was defined that crude extract contained four main flavonoid components including isorhamnetin (45.23%), quercetin (24.56%), kaempferol (6.83%), and myricetin (3.39%).

Cell culture {#section4-0394632017736673}
------------

NK92-MI cells were obtained from ATCC and passaged several times in our laboratory. Cells were cultured in alpha modification of Eagle's minimum essential medium (a-MEM; Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM [l]{.smallcaps}-glutamine, 0.2 mM inositol, 0.02 mM folic acid, 0.01 mM 2-mercaptoethanol, 12.5% fetal bovine serum (FBS), and 12.5% horse serum (Sigma-Aldrich Corporation, St. Louis, MO, USA). The target cell line K562 was grown in1640 medium supplemented with 10% FBS.

Cytotoxicity assay {#section5-0394632017736673}
------------------

NK92-MI cell cytotoxicity was determined using a colorimetric, non-radioactive, assay that quantitatively measures the release of lactate dehydrogenase (LDH) after cell lysis. To detect the effects of TFH on cytotoxicity of NK92-MI cells, NK92-MI cells (effector) were treated with TFH (2.5 or 5.0 mg/L) or phosphate-buffered saline (PBS) for 24 h and finally co-cultured with K562 (target) cells at an effectors-to-targets (E:T) ratio of 4:1 for 4 h. The supernatants were collected, and LDH release in the supernatants was evaluated using a colorimetric reaction (absorbance at 490 nm). The spontaneous and maximum LDH release was measured by adding100 μL of a-MEM medium or 1% NP-40 to the effector cells or target cells. TFH showed no direct cytotoxic effect on K562 cells or NK92-MI cells alone. The percentage-specific lysis was calculated as follows

$$\begin{array}{l}
{{Specific\ lysis}{(\%)} =} \\
{\frac{{OD}_{\exp} - {OD}_{spontaneous}}{{OD}_{maximum} - {OD}_{spontaneous}} \times 100\%} \\
\end{array}$$

Flow cytometric analysis {#section6-0394632017736673}
------------------------

Flow cytometry was used for analysis of surface NCRs and NKG2D stained with allophycocyanin (APC)-conjugated anti-NKp46 monoclonal antibody (MoAb), phycoerythrin (PE)-conjugated anti-NKp30 MoAb, PerCP-conjugated anti-NKp44 MoAb, fluorescein isothiocyanate (FITC)-conjugated anti-NKG2D monoclonal antibody (MoAb; R&D Systems Inc., Minneapolis, MN, USA). After incubation with TFH (2.5 or 5.0 mg/L) or PBS for 24 h, NK92-MI cells were washed, resuspended to 5 × 10^5^ cells/mL in ice-cold PBS supplemented with 0.5% bovine serum albumin (BSA), incubated with 10 μL of conjugated antibodies for 40 min at 4°C, washed twice in PBS/0.5% BSA, and analyzed directly using a FACScan flow cytometer (FACS Calibur; BD Biosciences, San Jose, CA, USA). We counted 10,000 events per sample, and the percentages of cells with NCRs and NKG2D were obtained by single-color analysis.

Western blot analysis {#section7-0394632017736673}
---------------------

To detect the effect of TFH on protein expression of perforin, granzyme B, and STAT1, STAT3 and STAT5 signal pathway, NK92-MI cells were incubated with TFH (2.5 or 5.0 mg/L) or PBS for 24 h. Proteins were then extracted using a Total Protein Extraction Kit. Western blot analysis was performed as previously described (Diandong et al.^[@bibr3-0394632017736673]^). Antibodies for perforin, granzyme B, phospho-STAT1, STAT1, phospho-STAT4, STAT4, phospho-STAT5, and STAT5 and the secondary antibodies were obtained from Abcam (Cambridge, UK). The membranes were visualized by enhanced chemiluminescence (ECL) detection system (Bio-Rad Laboratories, USA).

Cytokine antibody arrays {#section8-0394632017736673}
------------------------

NK92-MI cells were incubated with TFH (2.5 or 5.0 mg/L) or PBS for 24 h. The supernatants were collected for the secreted cytokine analysis. RayBiotech Cytokine Antibody Arrays (AAH-CYT-G5-8) were used to study the effect of TFH on 80 cytokine proteins released by NK92-MI cells. Each experiment was performed in duplicate and according to the manufacturer's instructions. Briefly, antibody-coated array membranes were first incubated for 30 min with 100 μL of blocking buffer. After 30 min, blocking buffer was decanted and replaced with 100 μL supernatant. Membranes were incubated overnight at 4°C with mild shaking. The next day, the media were decanted and membranes were washed and subsequently incubated with 70 μL biotin-conjugated antibodies for 2 h. After that, biotin-conjugated antibodies were removed, and membranes were incubated with horseradish peroxidase (HRP)-conjugated streptavidin for 2 h.

Detection of spots using chemiluminescence was acquired with semiquantitative analysis of signal intensities from Quantity One software (Bio-Rad Laboratories). Intensities were normalized as a percentage of positive controls on each membrane.

Verification of antibody array results by enzyme-linked immunosorbent assay {#section9-0394632017736673}
---------------------------------------------------------------------------

Enzyme-linked immunosorbent assays (ELISAs) were performed using IFN-γ, IL-2, and IL-16 ELISA kits (CUSABIO, Wuhan, China) following manufacturer's instructions. Briefly, 100 μL of supernatants from samples and standards were added to 96-well plates pre-coated with capture antibody. After incubation, 100 μL of prepared biotinylated antibody mixture was added to each well. After 1 h, the mixture was decanted and 100 μL streptavidin solution was placed in each well and incubated. Substrate reagent (100 μL) was then added to each well for 30 min followed by the addition of 50 μL of stop solution. Data were quantified by optical density at 450 nm.

Statistical analysis {#section10-0394632017736673}
--------------------

The results are presented as mean ± standard deviation. Data were assessed using a Shapiro--Wilk test to determine the normal distribution. All distributions were normal, either with 95% or 99% confidence interval. A one-way analysis of variance (ANOVA) was used to detect statistical significance followed by Tukey's post hoc multiple comparisons using SPSS 16.0 software; *p* \< 0.05 was considered to indicate a statistically significant result.

Results {#section11-0394632017736673}
=======

Effects of TFH on cytotoxicity of NK92-MI cells {#section12-0394632017736673}
-----------------------------------------------

The LDH-release cytotoxicity assay was used to determine cytotoxicity of NK92-MI cells against K562 cells. As shown in [Figure 1](#fig1-0394632017736673){ref-type="fig"}, TFH (2.5 and 5.0 mg/L) could significantly enhance NK92-MI cell cytotoxicity against K562 cells (*p* \< 0.05).

![The effects of TFH on NK92-MI cell cytotoxicity.](10.1177_0394632017736673-fig1){#fig1-0394632017736673}

Effects of TFH on expressions of NCRs and NKG2D in NK92-MI cells {#section13-0394632017736673}
----------------------------------------------------------------

Flow cytometry was performed to determine the effects of TFH on expressions of NCRs and NKG2D in NK-92MI cells. As shown in [Figure 2](#fig2-0394632017736673){ref-type="fig"}, TFH (2.5 and 5.0 mg/L) could significantly increase expressions of NKp44 and NKp46 in NK92-MI cells (*p* \< 0.01).

![Effects of TFH on expressions of NK92-MI cells' NCRs and NKG2D: (a) flow cytometry was performed to analyze NKp30, NKp44, NKp46, and NKG2D expression in NK92-MI cells. (b) Results of statistical analysis.](10.1177_0394632017736673-fig2){#fig2-0394632017736673}

Effects of TFH on expressions of perforin and granzyme B in NK92-MI cells {#section14-0394632017736673}
-------------------------------------------------------------------------

Western blot was performed to determine the effects of TFH on expressions of perforin and granzyme B in NK-92MI cells. As shown in [Figure 3](#fig3-0394632017736673){ref-type="fig"}, TFH (2.5 and 5.0 mg/L) could significantly upregulate expressions of perforin and granzyme B in NK92-MI cells (*p* \< 0.01).

![Effect of TFH on expressions of NK92-MI cells' perforin and granzyme B.](10.1177_0394632017736673-fig3){#fig3-0394632017736673}

Effects of TFH on cytokine secretion of NK92-MI cells {#section15-0394632017736673}
-----------------------------------------------------

To profile the effect of TFH on cytokines, Cytokine Antibody Arrays with 80 cytokine proteins were used ([Table 1](#table1-0394632017736673){ref-type="table"}). As shown in [Figure 4](#fig4-0394632017736673){ref-type="fig"}, the dot blot intensity analysis of the supernatants derived from NK92-MI cells showed that TFH could upregulate expressions of IL-1α, IL-2,IL-7, IL-15, CSF-2, CSF-3, MCP-1, MIG, IFN-γ, TNF-α, and TNF-β. While compared with the control group, IL-16, MIP-1β, CX3CL-1, and MIF were downregulated in the TFH-treated groups.

###### 

Microarray layout.

![](10.1177_0394632017736673-table1)

       A         B         C         D       E        F        G        H         I         J           K       L       M
  ---- --------- --------- --------- ------- -------- -------- -------- --------- --------- ----------- ------- ------- ----------
  1    Pos 1     Pos 2     Pos 3     Neg     Neg      Neg      ENA-78   CSF-3     CSF-2     GRO         GRO-a   I-309   IL-1α
  2                                                                                                                     
  3    IL-1β     IL-2      IL-3      IL-4    IL-5     IL-6     IL-7     IL-8      IL-10     IL-12 p70   IL-13   IL-15   IFN-γ
  4                                                                                                                     
  5    MCP-1     MCP-2     MCP-3     CSF1    MDC      MIG      MIP-1β   MIP-1d    RANTES    SCF         SDF-1   TARC    TGF-β1
  6                                                                                                                     
  7    TNF-α     TNF-β     EGF       IGF-I   ANG      OSM      THPO     VEGF      PDGF-BB   Leptin      BDNF    BLC     Ck b 8-1
  8                                                                                                                     
  9    CCL11     CCL24     CCL26     FGF-4   FGF-6    FGF-7    FGF-9    Flt-3LG   CX3CL-1   GCP-2       GDNF    HGF     IGFBP-1
  10                                                                                                                    
  11   IGFBP-2   IGFBP-3   IGFBP-4   IL-16   IP-10    LIF      LIGHT    MCP-4     MIF       MIP-3a      NAP-2   NT-3    NT-4
  12                                                                                                                    
  13   OPN       OPG       PARC      PIGF    TGF-β2   TGF-β3   TIMP-1   TIMP-2    Neg       Neg         Neg     Neg     Neg

![Antibody arrays. Culture supernatants from NK92-MI cells were analyzed by antibody arrays. (a) The differentially expressed cytokines IL-2, IFN-γ, and IL-16 were marked in the microarray. (b) The differentially expressed cytokines were all listed. Shown in the graphs (\*) is the expression that expressed a significant change.](10.1177_0394632017736673-fig4){#fig4-0394632017736673}

Verification of antibody array results by ELISA {#section16-0394632017736673}
-----------------------------------------------

Among the differentially expressed cytokines analyzed by antibody arrays, IFN-γ, MCP-1, and TNF-α were selected randomly and subjected to ELISA for corroborating the results of antibody arrays. As shown in [Figure 5](#fig5-0394632017736673){ref-type="fig"}, the results confirmed that TFH induces upregulation of IFN-γ, MCP-1, and TNF-α in NK92-MI cells. These expression profiles were completely consistent with antibody arrays. Therefore, ELISA detection of the differentially expressed proteins confirmed the reliability and validity of the antibody arrays.

![Results of antibody arrays were verified by ELISA.](10.1177_0394632017736673-fig5){#fig5-0394632017736673}

TFH activated STAT3 and STAT5 of NK cells {#section17-0394632017736673}
-----------------------------------------

In order to determine the intracellular signaling mechanisms of TFH, western blot was adopted to detect the effects of TFH on STAT1, STAT4, and STAT5 signal pathway. As shown in [Figure 6](#fig6-0394632017736673){ref-type="fig"}, whole-cell extracts from TFH-treated NK92-MI cells demonstrated strong activation of STAT1 and relative weak activation of STAT5, and there is no significant effects on STAT4 signal pathway.

![Effect of TFH on STAT1, 3, and 5 signal pathway in NK92-MI cells.](10.1177_0394632017736673-fig6){#fig6-0394632017736673}

Discussion {#section18-0394632017736673}
==========

SBT has drawn the attention of scientists because of its multifarious medicinal properties including immunoregulatory effects.^[@bibr9-0394632017736673],[@bibr10-0394632017736673]^ Flavonoids are one of the active ingredients extracted from SBT. In this study, we investigated the effect of TFH on NK-cell functions using NK92-MI cell line.

NK cell--mediated lysis of target cells is determined by the balance of signaling between activating and inhibitory receptors on NK cells.^[@bibr11-0394632017736673]^ Activating receptors, including NCRs (NKp46, NKp44, and NKp30) and NKG2D, bind ligands induced by cellular stress, infection, or tumor transformation.^[@bibr12-0394632017736673]^ Activating signals are transmitted through immunoreceptor tyrosine--based activating motifs (ITAMs) located in the cytoplasmic tail of the receptor or through ITAMs in adaptor molecules, which associate with activating receptors at the cell surface.^[@bibr13-0394632017736673]^ When a target cell lacks or underexpresses HLAI and/or overexpresses activating ligands, NK cells eliminate that target by releasing preformed cytotoxic granzymes and perforin stored as granules or activate apoptosis pathways in the target cell.^[@bibr14-0394632017736673]^ In this study, we detected expressions of activating receptors (NKp30, NKp44, NKp46, and NKG2D) in NK92-MI cells by flow cytometry analysis. The results showed that TFH significantly enhanced expressions of NKp44 and NKp46 in NK92-MI cell. These findings suggest that TFH may activate NK92-MI cells by upregulating the expression levels of activating receptors NKp44 and NKp46.

Perforin and granzymes are stored in cytoplasmic granules and function after direct interaction between NK and target cells.^[@bibr15-0394632017736673]^ Perforin, a membrane pore-forming molecule, permeabilizes cells.^[@bibr16-0394632017736673]^ Granzymes, a family of serine proteases, disrupt cell-cycle progression, inflict DNA damage, and dissolve the nucleus upon entrance into the cell.^[@bibr17-0394632017736673]^ Granzyme B is the most abundant serine protease stored in the secretory granules of CTLs and NK cells.^[@bibr18-0394632017736673]^ Results showed that TFH could increase the expressions of both perforin and granzymes B. These findings suggest that TFH may increase cytotoxicity of NK92-MI cells against K562 cells by upregulating the expressions of perforin and granzymes B.

NK cells are important sources of various cytokines and chemokines.^[@bibr19-0394632017736673]^ Results showed that TFH could upregulate expressions of IL-1α, IL-2, IL-7, IL-15, CSF-2, CSF-3, MCP-1, MIG, IFN-γ, TNF-α, and TNF-β and downregulate expressions of MIP-1β, CX3CL-1, IL-16, and MIF. IFN-γ and TNF-α productions by NK cells have been identified as an integral part of NK-cell cytotoxic activity.^[@bibr20-0394632017736673]^ Activated NK cells are the main source of IFN-γ.^[@bibr21-0394632017736673]^ IL-2 and IL-15 have been shown to enhance perforin expression in NK cells.^[@bibr22-0394632017736673]^ IL-15 is an important regulator of NK-cell development, homeostasis, and activation.^[@bibr23-0394632017736673]^

Researches have showed that JAK-STAT signal pathway was involved in regulating cytolysis activity of NK cell. STAT1, 4, and 5 were related to the cytotoxicity of NK cells.^[@bibr24-0394632017736673][@bibr25-0394632017736673]--[@bibr26-0394632017736673]^ Results showed that TFH strongly upregulated expression of phospho-STAT1 and relatively weakly upregulated phospho-STAT5. STAT1 is a crucial regulator of IFN-γ production and NK-cell cytotoxicity.^[@bibr24-0394632017736673],[@bibr27-0394632017736673],[@bibr28-0394632017736673]^ Stat1-deficient mice are highly susceptible to bacterial and viral infections.^[@bibr29-0394632017736673]^ STAT5 transmits signals downstream of IL-2 and IL-15, and its expression is indispensable for the survival of peripheral NK cells.^[@bibr30-0394632017736673]^ There is evidence that the loss of STAT5 reduces NK-cell numbers and impairs cytolytic responses.^[@bibr31-0394632017736673]^ Our findings suggest that TFH may increase cytotoxicity of NK92-MI cells against K562 cells through STAT1 and STAT5 signal pathway.

In conclusion, the results suggest that TFH stimulated NK92-MI cells to activate and enhance cytotoxicity of NK92-MI cells. Therefore, TFH has the potential to be an immuno-potentiating agent, which can potentially be used as functional food and pharmaceutical therapy ingredients. In future studies, it will be worthwhile to further study the effects of TFH on the regulation of immune responses in vivo.
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